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MinireviewNew Glimpses of an Old Machine
ies of SMC proteins and M/R-related complexes haveTanya T. Paull1
shown that the Rad50 (or SMC) component adopts aDepartment of Molecular Genetics and
dumbbell-like structure composed of 80 to 100 nm ofMicrobiology and the Institute for Cellular
coiled-coil, with globular domains at the ends and aand Molecular Biology
flexible hinge in the middle (Connelly et al., 1998; MelbyUniversity of Texas at Austin
et al., 1998; Anderson et al., 2001; Hirano et al., 2001).Austin, Texas 78712
Visual analysis of Rad50 molecules tagged with a heter-
ologous domain at one end has demonstrated for both
B. subtilis SMC protein and S. cerevisiae Rad50 that
these large molecules form antiparallel homodimersTwo recent studies illustrate the ability of the Mre11/
(Melby et al., 1998; Anderson et al., 2001). This antiparal-Rad50 DNA repair complex to bind and connect DNA
lel association is necessary for catalytic activities of theends. Specific stimulation of DNA ligase IV-mediated
proteins, as it brings together the Walker A-site ATPend-joining by Mre11 complexes from S. cerevisiae
binding domain located at the N terminus with thesuggests the possibility of a direct role in nonhomolo-
Walker B-type domain present at the C terminus. Thegous end-joining in eukaryotic cells.
crystal structure of the catalytic domains of an archae-
bacterial homolog of Rad50 has in fact shown a tight
association between the N-terminal and C-terminal do-Breaks in both strands of a DNA duplex can convert a
mains, confirming an antiparallel orientation (Hopfnerrelatively stable molecule into a likely target for recombi-
et al., 2000). The crystallographic study of P. furiosusnation or degradation. Avoiding these outcomes is of
Rad50 also included a nucleotide-bound version of theenormous importance for the genetic integrity of a cell
protein, which forms a dimer of Walker A/B heterodi-and its descendants, and cells have an appropriately
mers. The proposed DNA binding site on Rad50 ispowerful array of enzymatic tools to employ in the task
formed by this dimerization, providing a structural basisof repairing DNA breaks. In addition to the well-known
for the ATP-dependent DNA binding observed pre-RecA/Rad51 family of recombinases, one of the most
viously with yeast Rad50 (Raymond and Kleckner, 1993).critical biochemical machines involved in the repair of
Popcorn-on-a-Stickdouble-strand breaks in DNA is the Mre11/Rad50 (M/R)
New images of human M/R by scanning force micros-complex, homologs of which are present in every organ-
copy (SFM) challenge the accepted model of Rad50ism examined.
structure by suggesting that the molecules may formEukaryotic M/R complexes have been the focus of
antiparallel coiled-coils that are intramolecular insteadintense interest over the last several years, in part be-
of intermolecular (de Jager et al., 2001b) (Figure 1). M/Rcause they have been shown to play an essential role
appears in the SFM images as a large globular massin maintaining overall genomic stability through both DNA
with two arms emerging from it. This form is considereddouble-strand break (DSB) repair as well as S-phase
to be the “monomer” unit, which the authors hypothe-checkpoint control. Loss or attenuation of these func-
size contains two molecules each of Rad50 and Mre11.tions can increase the probability of large-scale genomic
Multimeric forms were also observed, which in everyrearrangements and oncogenic transformation. M/R as-
case contain an even number of arms. These imagessociates with a third component in eukaryotic cells (Xrs2
suggest that Rad50 dimerizes through the terminal glob-in S. cerevisiae and Nbs1 [nibrin, p95] in humans). The
ular domains, rather than throughout the length of the
Nbs1 component is a primary phosphorylation target of
coiled-coil. Using time-lapse imaging of individual M/R
ATM protein kinase, which initiates a signaling cascade
complexes, the authors also demonstrate that the arms
underlying the DNA damage response (Petrini, 2000). are extremely flexible.
Mutations in the human NBS1 and MRE11 genes are With respect to M/R tertiary structure, the recent work
responsible for the rare radiation-sensitivity disorders by de Jager and colleagues provides a new testable
Nijmegen breakage syndrome (NBS) and ataxia-telangi- model for the configuration of Rad50 in complexes from
ectasia-like disorder (ATLD), respectively, demonstra- different organisms. Mutations in the hinge region of the
ting that the complex plays an important role in the B. subtilis SMC protein have already provided some
response of human cells to DSBs. The M/R/N(X) com- interesting data on the relationship between the hinge
plex is also essential for telomere maintenance and for domain and the ATPase domains of an SMC protein
the initiation of meiotic recombination at sites of DSBs (Hirano et al., 2001). “Hingeless” mutants of BsSMC
in eukaryotes; therefore it functions in many different appear as one-armed structures in electron micro-
cellular contexts involving DNA ends. graphs, suggesting that the hinge may actually be a
The Rad50 component of the M/R complex has an connector between two one-armed, intrasubunit coiled-
unusual elongated structure, very similar to the struc- coils. This interpretation agrees well with the data of de
tural maintenance of chromosomes (SMC) family of pro- Jager et al., although mutational analysis is needed to
teins involved in chromosome condensation and sister solidify this hypothesis for the Rad50 family of proteins.
chromatid cohesion. Several electron microscopy stud- In addition, inclusion of the Nbs1 protein in the recombi-
nant protein preparations used for these studies is nec-
essary to determine whether these images accurately1Correspondence: tpaull@icmb.utexas.edu
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Figure 1. Two Models of Mre11/Rad50
Higher-Order Structure
(A) The original intermolecular model in which
one molecule of Rad50 (red) associates as an
antiparallel homodimer with another Rad50
molecule (blue). The nucleotide binding do-
mains of Rad50 are shown at the ends of
each coiled-coil, with the Walker “A” and “B”
motifs indicated. The “hinge” region of Rad50
is a non-coiled-coil section of Rad50, located
approximately in the middle of the polypep-
tide. Mre11 is depicted by the blue oval la-
beled “M”. From electron microscopy im-
ages, the complex is hypothesized to bend
at the hinge region, forming a compacted
structure (right).
(B) The new intramolecular model in which
each molecule of Rad50 folds back onto it-
self, still forming the antiparallel Walker A-B
association but within each polypeptide
chain. From the SFM images shown in de
Jager et al. (2001b), the complex is hypothe-
sized to interconvert between monomer
forms (left and center) and multimer forms
(example shown at right).
represent the structure of the complete complex as it M/R in Nonhomologous End-Joining
The ability of M/R to bridge DNA ends was anticipatedexists in cells.
Mre11/Rad50 Links DNA Ends by in vivo data demonstrating an essential role for the
complex in nonhomologous end-joining (NHEJ) in S. ce-de Jager et al. also analyze complexes of human M/R
with DNA and find that the proteins associate with DNA revisiae (Milne et al., 1996; Moore and Haber, 1996; Boul-
ton and Jackson, 1998). Despite the presence of Ku, thethrough their globular domains, as suggested by the
crystallographic analysis. Large oligomers of M/R were abundant DNA end-binding heterodimer in eukaryotic
cells, Mre11, Rad50, and Xrs2 are each required in vivoobserved at the ends of the linear DNA molecules, and
in some cases these large complexes tethered one DNA to facilitate efficient DNA end-joining in budding yeast.
Strains deficient in any of these components exhibit 50-to another. In these images, separate DNA molecules
appear to be linked by multiple M/R complexes via inter- to 100-fold reduced levels of NHEJ. Additional in vitro
evidence for intermolecular association of DNA ends bymolecular interactions between Rad50 arms. Although
the interactions between the coiled-coil domains are M/R came from the observation that Mre11 by itself has
strong DNA annealing properties (de Jager et al., 2001a)relatively weak and difficult to measure in gel mobility
shift assays, the authors suggest that oligomerization and that its exonuclease activity is sensitive to the se-
quence of other DNA ends (Paull and Gellert, 2000).of multiple M/R complexes on DNA ends create a sort
of “molecular Velcro” that is able to effectively bridge In addition to the microscopy analysis, Chen et al.
show biochemically that the M/R/X complex stimulatesDNA ends together (see de Jager et al., 2001b, Figures
3 and 4). joining of linear DNA molecules by Dnl4/Lif1, the S. cere-
visiae homologs of DNA ligase IV/Xrcc4 (Chen et al.,Interestingly, a separate analysis of Mre11/Rad50/
Xrs2 (M/R/X) from S. cerevisiae also provides visual and 2001). In contrast to the intramolecular joining (circular-
ization) seen with Dnl4/Lif1 alone, the ligation productsbiochemical evidence for the bridging of DNA ends by
this complex (Chen et al., 2001). In this case, SFM (AFM) observed in the presence of M/R/X are predominantly
linear, consistent with a role in intermolecular joining inimages show multiple linear DNA molecules connected
by large M/R/X globular complexes (see Figure 5). It is vivo. The M/R/X stimulation of ligation is also specific
for the yeast ligase complex and has less of an effectdifficult to visualize what domains are involved in this
interaction, but in the images the yeast complex can on joining by ligases from other organisms. To investi-
gate this specificity, the authors use GST pull-downbe seen binding specifically to linear DNA ends. Taken
together, the SFM studies provide strong evidence for assays to test whether the complex exhibits specific
protein-protein interactions. An association betweenDNA tethering directly through Mre11 and Rad50.
One aspect of M/R architecture left unresolved in Lif1 and Xrs2 was identified in this way and proposed
to be the basis of the M/R/X-Dnl4/Lif1 interaction. Itthese studies, however, is the role of ATP. All of the
microscopy experiments discussed here were per- would be helpful in this respect to prove an association
between these factors in vivo or in native cell extracts,formed in the absence of ATP, thus leaving open the
possibility that qualitatively different structures may however, as these proteins have not previously been
observed to interact or to colocalize in immunofluores-form with ATP or dATP present. In addition to catayzing
a structural change in the complex, ATP induces enzy- cence studies in mammalian cells.
The Ku heterodimer, Xrcc4, and DNA ligase IV form thematic changes in the human M/R/N complex that facili-
tate partial unwinding of DNA duplexes in vitro (Paull core components of the NHEJ machinery in eukaryotic
cells; higher eukaryotes also possess an additional fac-and Gellert, 1999).
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tor, DNA-PKcs, which serves as the regulatory partner for M/R/N complex from their phenotypes. Clearly, a
of Ku. Although Ku is clearly necessary for NHEJ in vivo, great deal of further biochemical and genetic analysis
the effects of Ku on DNA end-joining in vitro have been is needed to determine what enzymatic activities the
controversial. Ku has been shown by multiple groups M/R/N(X) complex actually performs in DSB repair, both
to possess DNA end-binding and end-bridging activi- homologous and non-homologous, and how these ac-
ties, but in vitro its effects on ligation by DNA ligase tivities are related to its highly unusual and ancient
IV/Xrcc4 have been in some cases stimulatory (Nick structure.
McElhinny et al., 2000) and other cases inhibitory (Chen
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Further studies are necessary to test whether the Mre11
nuclease is required at noncomplementary ends or ends
that contain damaged DNA – questions which have not
yet been tested in vivo. Overall, however, current results
suggest that the Mre11 complex may regulate access
of another nuclease to broken DNA ends.
A related issue which has remained unresolved is the
role of M/R/N in NHEJ during immunoglobulin gene re-
arrangement, a site-specific DNA recombination event
in the immune system that requires NHEJ for successful
completion. Mre11, Rad50, and Nbs1 gene deletions are
lethal in mammals, precluding characterization of the
role of the complex in this process. The partial-function
mutations in NBS and ATLD patients do not result in
severe B- or T cell deficiencies, but since the DSB repair
functions are largely normal in cells from these patients
(Petrini, 2000), it is difficult to rule out a possible role
